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Moreover, 10%-30% of patients with schizophrenia have little or no response to antipsychotic treatment. 68 Limited treatment options are available after first-line therapies have failed. Potential therapies for refractory schizophrenia include clozapine, electroconvulsive therapy, and repetitive transcranial magnetic stimulation (rTMS), but many patients continue to have symptoms despite maximal medical management. 57 New treatment strategies are therefore needed.
Although deep brain stimulation (DBS) is chiefly used in the treatment of movement disorders, its use in behavioral disorders is expanding. In 2009, the FDA awarded DBS a humanitarian device exemption (HDE) for obsessive-compulsive disorder (OCD). Given preliminary evidence of efficacy in OCD, 29, 33, 69, 91 the use of DBS to treat other psychiatric disorders, including depression, Tourette syndrome, and even autism, is expanding. 111 Currently, interest in treating schizophrenia using DBS is growing, and a clinical trial is now open in Canada for the treatment of refractory schizophrenia. 16 Moreover, the growing use of DBS for behavioral indications has been accompanied by an expansion in understanding of the underlying pathophysiology of psychiatric disease. In the case of schizophrenia, there is increasing acceptance that the disorder is characterized by dysfunction in the hippocampus and striatum, suggesting possible targets for intervention. 54 Given our increasing understanding of the neuroanatomy of schizophrenia, the time is ripe for the development of novel circuit-based therapies, including DBS.
We used PubMed to search for articles published from January 1980 to September 2014. The major search terms that we used included "schizophrenia," "imaging analysis," "fMRI," "animal model," "neuroanatomy" (along with the specific neuroanatomical regions noted in this review), and "deep brain stimulation." We reviewed the relevant articles from this search, including those that were referenced within each article. We included meta-analyses selected for robust statistical analysis, original research articles relevant to probing circuits involved in schizophrenia, and review articles.
In this paper we review progress made over the last several years in our understanding of the pathophysiology of schizophrenia. We begin by reviewing the current literature on the structural pathology of schizophrenia. Subsequently, we describe functional abnormalities that drive hyperactive and mistimed dopamine release. We then review transcranial magnetic stimulation (TMS), metabolic imaging, and functional MRI (fMRI) studies to identify specific anatomical nodes within circuits responsible for dopamine dysfunction in schizophrenia. We conclude by suggesting possible targets for surgery, including the anterior hippocampus, ventral capsule/ventral striatum (VS), and the associative striatum (AST). We propose concrete steps for the evaluation of each of these targets, as well as some considerations for trial design. Considerations in the development of putative closed-loop systems are discussed. Finally, we discuss the ethical implications of treating patients whose faculty for informed consent may be impaired by their disease.
structural pathology in schizophrenia
In the late 1800s, Kraepelin and Bleuler hypothesized that the disease process underlying schizophrenia was ultimately governed by anatomical abnormalities of the brain. At that time, limited neuroimaging techniques and the lack of postmortem findings hindered progress in delineating the neuroanatomical characteristics of schizophrenia. Recent advances in MRI analysis, including voxel-based morphometry (VBM) to analyze structural abnormalities, and fMRI to analyze functional changes, have elucidated neuroanatomical and neurophysiological differences in patients with schizophrenia that can be linked to disease features. 104 Because executive and cognitive deficits are a key symptom domain of schizophrenia, early anatomical studies explored differences in the frontal lobes that distinguished patients with schizophrenia from controls. 4 Decreased integrity of the frontal neocortex, particularly in the prefrontal and orbitofrontal cortices, has been noted in several VBM studies and confirmed in a metaanalysis.
38,44,104 Moreover, decreased frontal lobe volume, specifically of the prefrontal cortex, has been associated with decreased insight in patients with schizophrenia. 7, 23, 63 However, it is unclear whether frontal lobe volume loss is a cause or a consequence of ongoing symptoms; some data suggest that volume loss is exacerbated with repeated episodes of psychosis. 5, 118 The reason for this progression has not been fully elucidated, but it has been proposed that prefrontal dysfunction is secondary to aberrant dopamine release and corresponding alterations in D 1/2 -receptor signaling. 28 While prefrontal dysfunction may be a key cause of cognitive symptoms in schizophrenia, dysfunction elsewhere in the brain, especially the temporal lobes, may drive the neurotransmitter abnormalities that characterize the hallmark psychotic symptoms of schizophrenia.
Early functional neuroimaging studies sought to characterize the functional causes and/or consequences of the observed atrophy of the frontal and temporal lobes. Studies using blood oxygen level-dependent (BOLD) fMRI identified diminished frontal activation in patients compared with controls in response to the Stroop color interference test and the Wisconsin Card Sorting test, both established tests of attention and cognitive control. 13, 99 In a meta-analysis of task-related functional neuroimaging of patients with schizophrenia, Minzenberg and colleagues demonstrated that patients with schizophrenia had activation patterns similar to those in control patients during Stroop testing, but had reduced overall activation in several nodes, including bilateral dorsolateral prefrontal cortex (DLPFC) and posterior parietal and temporal cortices. 83 However, there is some dispute about whether decreased frontal activation in patients with schizophrenia represents intrinsic circuit defects or a general problem with performing cognitive tasks. 43 Nonetheless, the finding of decreased BOLD activation during cognitively demanding tasks appears robust.
Alterations in temporal lobe morphology, in comparisons with controls and also with disease progression, are among the earliest findings reported in neuroanatomical studies of schizophrenia. Early postmortem studies showed alterations in parahippocampal gyrus volume, increased lateral ventricle size, and left-sided lateralization of structural abnormalities relative to control subjects. 104 The hippocampus, in particular, has been found to be smaller in patients with schizophrenia relative to that in controls; multiple meta-analyses have demonstrated hippocampal volume decreases averaging 5% in patients with schizophrenia. 66, 90 Kühn and colleagues noted smaller CA2/3 and CA1 subfields specifically. 61 Increased duration of illness is associated with even greater loss in bilateral hippocampal volume compared with first-episode psychosis. 104 These data point to a key role for the hippocampus in schizophrenia.
These anatomical data support the hypothesis that schizophrenia is characterized by atrophy of the frontal and temporal lobes, including both neocortical and hippocampal structures, and may be progressive. Although many of the anatomical findings have now been reproduced in other studies, the understanding of the functional causes and consequences of these structural effects is only beginning to be understood.
Findings From transcranial magnetic stimulation: evidence for cortical dysfunction in schizophrenia
In recent years, TMS has provided a noninvasive means of probing neurophysiology by applying a magnetic field to induce an electrical current in a specific cortical region. The cortical response to TMS paradigms can be tested, providing insight into network function and dysfunction. It has been used to study psychiatric diseases, such as OCD and major depressive disorder (MDD). 11, 35 Several studies have used TMS to analyze cortical function in schizophrenia as well.
TMS appears to have different effects on positive and negative symptoms, which may be present in distinct admixtures in individual patients with schizophrenia. As such, differential relationships have been observed when well-established TMS paradigms are applied to patients with positive symptoms versus those with negative symptoms. Paired-pulse TMS paradigms are one example of this, and they are used to measure intracortical facilitation and inhibition. 77 Abnormalities in these parameters, believed to reflect gamma-aminobutyric acid (GABA)-ergic and glutamatergic activity, respectively, were originally described in Parkinson's disease, 96 but have since been shown to apply to a variety of neuropsychiatric diseases, such as OCD and MDD. In schizophrenia, positive symptoms are associated with a reduced short-interval intracortical inhibition (SICI), which itself suggests a baseline heightened cortical excitability. This deficit in inhibition is likely GABA A -mediated and suggests that an imbalance in this receptor's signaling may play a role in the pathophysiology of positive symptoms. Negative symptoms of schizophrenia, however, do not tend to track with SICI, but rather do tend to track with a TMS measure called the cortical silent period (cSP), which is believed to reflect activity of GABA B receptors. 77 In patients with negative symptoms of schizophrenia, an inverse association with cSP has been described. 72, 77 Neuroleptic-induced prolongation of cSP has also been described, suggesting a potential mechanism for predicting response to medication. 77 Taken together, the insights from these TMS paradigms suggest a potential role for cortical GABA-ergic networks. As discussed below, this may eventually tie into largerscale dysfunction within corticostriatothalamocortical circuits to produce schizophrenia symptomatology.
TMS can also be used concurrently with electroencephalography to observe changes in oscillatory activity in various neural circuits. Frantseva and colleagues recently used this paradigm to study patients with schizophrenia. They found spreading excitation in response to TMS that lasted significantly longer than that in healthy controls, a phenomenon they termed "functional cortical conductivity."
25 Moreover, they correlated gamma band activation with positive symptoms and theta/delta activation with negative symptoms, suggesting a link between the nature of cortical conductivity and the heterogeneous symptomatology of schizophrenia. Identifying dysfunctional circuits in this manner is an important step toward therapy, as we will discuss later, and TMS has indeed been attempted as a therapeutic measure for schizophrenia.
Several case series demonstrate therapeutic utility for both rTMS and a TMS technique known as theta burst stimulation in schizophrenia. 19, 58, 106, 124 Some studies report safe, tolerable, and effective therapeutic intervention for positive symptoms 19, 58, 106 and others for negative symptoms. 124 Various regions have been targeted, including the cerebellar vermis and the left DLPFC, but long-term improvement in symptoms (i.e., past the stimulation period)
is not typically reported. Moreover, any change in behavior and function is typically the result of 4-5 sessions of TMS per week, which can be demanding for the patient. Still, proof of safety and utility is conceptually promising for therapy targeted at neural networks, and DBS may provide a longer-lasting, modifiable therapeutic effect.
For all its insight into cortical function and dysfunction, however, TMS cannot directly provide information about subcortical structures, of which the striatum and dopaminergic midbrain serve as key pivots for both mechanistic and therapeutic considerations in schizophrenia. Neuroimaging studies have yielded insights into dysfunction within these structures.
Functional Neuroimaging studies in schizophrenia: how temporal lobe dysfunction may lead to too much dopamine in the striatum
The best-characterized functional neuroimaging findings in schizophrenia are aberrant striatal activation and frontal dysfunction. However, in contrast to the robust evidence for frontal and temporal anatomical abnormalities, evidence for anatomical pathology within the dopaminergic midbrain is limited. A consensus has emerged that dopamine dysregulation in schizophrenia is due to problems with either presynaptic regulation of dopamine axon terminals 74 or polysynaptic circuits (including the hippocampus), or both, that normally ensure proper regulation of dopamine neuron firing.
31 In this section, we begin by reviewing evidence for dopamine dysfunction in schizophrenia. Subsequently, we discuss results demonstrating that frontal dysfunction may arise from abnormal activity within the dopamine system. Finally, we summarize evidence suggesting that hippocampal dysfunction is the cause of the dopamine dysfunction in schizophrenia.
The "dopamine hypothesis" of schizophrenia arose from observations in the 1950s that agents such as reserpine and chlorpromazine, which affect the monoamine system, have therapeutic benefit in the treatment of psychotic symptoms. 108 These empirical observations were substantiated with animal experiments, demonstrating that antipsychotic efficacy was correlated with the effect of these agents on the dopamine system. 103 The hypothesis was thus formulated that delusions and hallucinations in schizophrenia were related to excessive dopamine release in the striatum by the substantia nigra, and its most medial part, the ventral tegmental area (VTA). 109 However, the dopamine hypothesis was disputed 3 until neurochemical studies using PET provided clear evidence for increased dopamine transmission in schizophrenia in the late 1990s (these studies are reviewed critically below). 65 These neurochemical studies were accompanied by technical advances in fMRI that allowed imaging of the relatively small brain regions implicated in schizophrenia, including the substantia nigra, hippocampus, and subregions of the striatum, as well as advances in the mechanistic understanding of how these regions work together in normal and pathological circumstances.
Observations in animals that hippocampal activation leads to dopamine release from the VTA into the stria-tum 24 gave rise to the hypothesis that a novel stimulus or environment detected in the hippocampus uses dopamine as a downstream neurotransmitter to gate information transfer into long-term memory. 71 Predictions of this model were confirmed using fMRI in healthy subjects.
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Soon afterward, aberrant midbrain activity in response to reward prediction errors (a strong stimulus for dopamine neuron firing, discussed further below) was demonstrated with fMRI in patients with schizophrenia. 87 Theoretical models also advanced at this time to fill the explanatory gap between the finding of excessive dopamine release and the experience of psychosis.
Recently, a new model of the tonic and phasic firing states of midbrain dopaminergic signaling has provided a context within which to understand the aforementioned aberrant midbrain activity. Tonic-phasic signaling in the midbrain provides a system for stratifying the relative importance of sensory stimuli and, ultimately, at higher cortical levels, for imparting salience to those stimuli. In this framework, dopamine is released tonically by midbrain neurons in a pacemaker-like fashion to modulate frontostriatal networks and drive goal-directed behavior.
53 Phasic changes from this baseline tonic dopaminergic signaling occur, with characteristic latencies and durations, in response to unexpected rewards or stimuli. 102 These phasic changes represent a difference between the expected and actual reward from a stimulus, a quantity termed "prediction error." In fact, a robust, stereotyped system of patterns of activation or depression of dopaminergic neurons exists. Initially, there is brief activation that is standard for all types of stimuli. 102 However, there is a second response component consisting of heterogeneous changes in dopaminergic neuronal firing dependent on the subjective value of the stimulus. 102 This biphasic response was recently replicated in humans. 82 These phasic changes reverberate within the circuit, and, at higher cortical levels (or, as Kapur puts it, the "mind level"), the net result of all of this signal integration is an assignment of relative salience to a stimulus. 53 In psychosis, it is proposed that dysregulation of the tonic-phasic dopaminergic system results initially in misattributions of reward to stimuli that would otherwise be ignored, resulting in aberrant salience at those higher cortical levels, and finally manifesting clinically as the positive symptoms of schizophrenia, including delusions and hallucinations. 53 Furthermore, functional neuroimaging studies have both confirmed elements of this hypothesis and extended its explanatory power by suggesting that the cause of the hyperdopamergic state is hyperactivity within the hippocampus.
Functional MRI studies of patients with schizophrenia have confirmed predictions of this "incentive salience" model by demonstrating aberrant activation within subcortical structures. In particular, altered ventral striatal response to neutral stimuli has been shown in patients with schizophrenia, and patients at high risk for psychotic episodes have demonstrated greater ventral striatal signals on fMRI in response to neutral stimuli. 87, 95, 122 Incentive salience also exists within a broader cortical network as evidenced by task-specific BOLD activation in the dorsal anterior cingulate cortex, bilateral frontoinsular cortex, anterior insula, and inferior frontal gyrus. 121 Interestingly, these regions are typically of lower volume in patients with schizophrenia. 6 Yet, task-related fMRI studies in patients with schizophrenia show normal recruitment of cortical circuitry, suggesting that rather than abnormal recruitment of nodes in the circuit, the pathology of schizophrenia may be related to dysregulation of the underlying processing of sensory stimuli that ultimately activates these networks.
This conception of how schizophrenia symptoms arise thus integrates newer functional findings with a refined view of the structural abnormalities that may reflect the disease process itself. Structural differences in patients with schizophrenia chiefly consist of volumetric decreases, particularly of the frontal and temporal lobes, with a key, consistently demonstrated role for the hippocampus. Some functional findings provide more detailed context for the disease entity by first linking this abnormal anatomy to a proposed dysfunctional dopaminergic system originating in the midbrain. With dysregulation of midbrain tonic-phasic dopaminergic signaling that ultimately provides the basis for normal processing of stimuli, upstream cortical units involved in higher-level processing of the same stimuli are, while functioning normally in the strict neurophysiological sense, effectively processing "corrupt" information. In this way, the initial abnormal processing of the stimulus is relayed higher and higher until the clinical manifestations of schizophrenia are realized, e.g., an auditory hallucination ultimately arising from exaggerated phasic dopaminergic firing in response to a normally benign auditory stimulus. Given the previously mentioned findings of progressive loss of regional brain volume in patients with schizophrenia, it is plausible to link chronic functional abnormalities to anatomical abnormalities in an effort to explain schizophrenia symptomatology.
Of note, the dopamine hypothesis of schizophrenia is not uniformly accepted. While early Freudian theories of disordered sexual attachment have largely been discredited, 78 other psychodynamic theories of the etiology of psychosis have been promulgated, and remain in clinical use. 75 Moreover, Montcrieff has suggested that the "dopamine hypothesis" mostly exists as a way to sell expensive neuroleptic medications. 86 She suggests many neuroimaging studies are not controlled for factors that are known to increase dopamine, including arousal, stress, attention, and smoking; furthermore, she posits that postmortem studies and both urine and CSF studies of dopamine metabolites have largely been inconclusive. She has been skeptical of antipsychotic medication in general and has questioned its long-term usefulness. 85 However, a recent meta-analysis of neurochemical imaging studies in schizophrenia strongly supported the dopamine hypothesis, which remains the current model with the most explanatory power. 46 Recently, a model of early hippocampal hyperactivation with subsequent excitotoxicity was proposed for the pathogenesis of schizophrenia, which may explain volume loss as well as dopamine dysregulation. Schobel and colleagues note that early hyperactivation, as demonstrated by increased regional cerebral blood flow (rCBF), is predictive of progression to psychosis in high-risk individuals. 101 Given the eventual hippocampal atrophy that was previously mentioned as part of the disease process of schizophrenia, 66, 90 this finding suggests that the early stages of schizophrenia are associated with hyperactivation of the hippocampus, which eventually progresses to atrophy of hippocampal tissue from constant stimulation. In a follow-up study, Schobel and colleagues proposed the neurotransmitter glutamate as a potential pathogenic driver of this process. In a mouse model of psychosis, the group demonstrated that ketamine, an N-methyl-d-aspartate (NMDA) receptor antagonist, forced buildup of extracellular glutamate and, in doing so, reproduced hippocampal hypermetabolism that eventually progressed to atrophic change. This change was prevented by pretreatment with an mGluR 2/3 agonist, which prevents glutamate efflux.
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This sequence of hypermetabolism followed by atrophy does not remain true for all regions with decreased gray matter in schizophrenia, however. The DLPFC, for example, does not show a similar increase in rCBF preceding atrophic change. 20 The implication of the involvement of glutamate in hippocampal hyperactivation and atrophy, however, allows the pathophysiological understanding of schizophrenia to be linked not only across anatomical and functional regions of the brain, but also across neurotransmitter systems, namely the glutamatergic and dopaminergic systems.
Neurochemical and pet observations: a Key role for the striatum
The "glutamate hypothesis" of schizophrenia was promulgated following observations that ketamine and phencyclidine, inhibitors of the NMDA receptor, can recapitulate the dopaminergic dysfunction observed in schizophrenia. 2 Lisman and colleagues proposed an integrative framework in which deficits in GABA transmission in fast-spiking interneurons disinhibit glutamatergic pyramidal cells, which in turn stimulate dopaminergic signaling from the substantia nigra/VTA, leading to hyperdopaminergia and psychosis. 70 Several lines of evidence support this hypothesis, and a number of its predictions have been verified in recent neuroimaging experiments.
Early observations that glutamatergic antagonists recapitulate schizophrenia behaviors in rodents 50 were linked by evidence from elegant animal pharmacological experiments in the 1990s to the view that NMDA dysregulation drives abnormal dopamine release. 49 With the availability of mice exhibiting marked downregulation of NMDA subunit NR1, it was shown that a deficiency in glutamatergic transmission produced schizophrenia-like behaviors that were ameliorated with antipsychotic medication. 84 Similarly, mice lacking the dopamine transporter exhibited markedly exacerbated dopamine dysregulation with administration of NMDA antagonists, compared with controls.
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These observations motivated the performance of human experiments to confirm the glutamatergic control of dopamine signaling in patients with schizophrenia. PET studies using radiotracer-labeled ligands for the dopamine receptor confirmed both increased dopamine release to pharmacological challenge 65 and baseline D2 receptor occupancy. 1 Around this time, significant negative correlations of glutamate metabolites in CSF were found in patients with schizophrenia. 114 Subsequently, behavioral work confirmed that administration of ketamine to patients with schizophrenia induced a transient exacerbation of psychotic symptoms. 62 This experiment set the stage for others to test the glutamate hypothesis more or less directly; ketamine and amphetamine (an agent that causes both dopamine release at the synapse as well as interferes with reuptake) were coadministered to healthy controls, and a doubling of the release of dopamine in the striatum was observed. 55 Similar results were obtained in nonhuman primates. 115 A subsequent experiment in chronic ketamine users suggested that the DLPFC demonstrated altered dopamine activity. 88 However, the anatomical substrate of the observed dopamine dysregulation was not as yet altogether clear.
Advances in neuroimaging allowed subregion analysis of cortical and subcortical structures in PET experiments. In particular, attention was focused on the AST, a region comprising the precommissural dorsal caudate, precomissural dorsal putamen, and postcommissural caudate, which exhibits extensive connectivity to the substantia nigra, DLPFC, and thalamus.
40,51 Dopamine transmission was found to be elevated in the AST in both patients with schizophrenia and prodromal patients at high risk for psychosis. 47 Furthermore, a study imaging receptor occupancy in schizophrenia after dopamine depletion revealed alterations in transmission only within the AST, but not within the ventral or sensorimotor striatum. 54 Taken together, these data are consistent with the view that dopamine dysfunction in the AST is etiologically related to the symptoms of schizophrenia.
To summarize, AST appears to be the "hotspot" of dopamine release in schizophrenia, as suggested by PET studies. Moreover, neuroanatomical and animal data suggest that it may be the locus at which glutamate dysfunction and dopamine dysfunction are linked. AST is extensively connected to the prefrontal cortex, 22 and stimulation of D 2 receptors may disrupt glutamatergic transmission to local medium spiny neurons from the prefrontal cortex, 56 leading to persistent behavioral abnormalities. Recent data showing normalization of glutamate levels in AST after successful antipsychotic treatment of first-episode psychosis support this view. 17 Taken together, these data suggest that AST is a key locus of pathophysiology in schizophrenia.
targets for surgical intervention: current proposals and Future directions
As the pathophysiology of schizophrenia has become better understood, direct targeting of affected circuitry using DBS has become a possibility. In this section, we discuss several potential targets and the rationale for each.
hippocampus
Hippocampal dysfunction has been established as a key driver of hyperdopaminergia by several lines of evidence. First, hippocampal hyperactivity has been correlated with the onset of psychosis. 100, 101 Moreover, in animal models, it is possible to reverse behavioral features referable to hyperdopaminergia in the striatum by targeting the hippo-campus using several distinct techniques: 1) tetrodotoxin inactivation, 73 2) transplant of GABA interneurons, 27 and 3) DBS.
21, 92 However, there is no current experience in stimulating the hippocampus to treat schizophrenia.
Stimulation of the hippocampus and its related structures, including the entorhinal cortex and the fornix, has previously been used to treat epilepsy 10, 119 and enhance memory. 42, 67, 113 Animal data suggest that hippocampal DBS may amplify subgranular zone neurogenesis, and these adult-born dentate neurons may integrate into circuits supporting memory. 110 There is some evidence that dentate gyrus dysfunction may contribute to cognitive problems in patients with schizophrenia. 120 However, the most important putative effect of hippocampal stimulation would be to modulate hyperdopaminergia in schizophrenia.
As described above, activation of the hippocampus is believed to drive dopamine release in conjunction with the substantia nigra/VTA in the setting of a novel environment or stimulus; pathological hippocampal hyperactivity in patients with schizophrenia leads to poorly timed and aberrant dopamine release. We propose that aberrant hyperactivity in the hippocampus may potentially be modulated with stimulation, leading to decreased dopamine release into the striatum. Several prior reports of hippocampal modulation in animal models of schizophrenia support this hypothesis.
21,27,73,92 However, it must be mentioned that hippocampal removal has variable effects on the psychotic symptoms of patients with epilepsy and interictal psychosis. 94 This observation does not invalidate our hypothesis, as it is not clear that these patients have schizophrenia, and moreover, hippocampal removal (by temporal lobectomy) is never bilateral.
There are prior reports of hippocampal stimulation in patients with epilepsy, and complications appear to be rare, with modest effects on memory. 80, 119 From a technical standpoint, electrode placement has mostly been described traversing the long axis of the hippocampus from an occipital approach, 117, 119 with the intention of stimulating the anterior part of the hippocampus, although it is also possible to place electrodes perpendicularly into the hippocampus from a temporal approach. 116 Intracranial hemorrhage rates from both techniques appear to be low. 116 Given this safety profile, it would be reasonable to consider a trial of hippocampal DBS for positive symptoms of refractory schizophrenia. 81 
ventral striatum
The VS is part of a polysynaptic pathway required for excessive dopamine release driven by the hippocampus. The VS receives a large glutamatergic projection from the subiculum, the output structure of the hippocampus. 36 This projection is believed to perform a "gating" function on dopamine release by the VTA, 71 so that the hippocampus signals through the VS to the dopaminergic midbrain to release dopamine in the setting of a novel environment or stimulus. 71 Therefore, the VS is a key part of the same circuit that would be targeted with hippocampal DBS.
As above, there is surgical experience targeting the VS. Its stimulation appears to be safe and effective for the treatment of refractory OCD 33 for which it has recently gained an FDA HDE. A recent SPECT study suggests that DBS of the VS modulates dopaminergic transmission at D 2/3 receptors. We have previously proposed that the effects of DBS of the VS are consistent with stabilization of dopamine transmission. 81 This mechanism could also account for its therapeutic effects in MDD 89 and addiction. 59, 60 Moreover, error-related negativity, a marker of reward prediction error by the dopamine system, 45 is decreased by VS DBS in alcoholism. 59 Given these findings, VS would be a reasonable target for neuromodulation in schizophrenia; a possible mechanism of action would be modulation of dopamine transmission via local medium spiny neurons. Of note, there is 1 ongoing study in Toronto of VS DBS for schizophrenia, although no results are available yet (clinicaltrials.gov no. NCT01725334).
associative striatum
As previously described, the AST is a key locus of neurotransmitter dysfunction in schizophrenia. It has theoretical appeal as a target for surgical intervention for several reasons. First, it appears to be the "hotspot" of aberrant dopamine release within the striatum. 54 As we have suggested previously, DBS of the axon terminals in the striatum may augment and stabilize dopaminergic transmission. 81, 105 Furthermore, AST exhibits extensive interconnection with parts of the brain that are implicated in the pathogenesis of schizophrenia, including the DLPFC, the orbital and medial prefrontal cortex, and the substantia nigra (Fig.  1) . Finally, glutamatergic transmission within the AST appears to track symptoms after treatment with antipsychotic medications. 17 The AST is therefore uniquely positioned to serve as a target to ameliorate the psychotic symptoms of schizophrenia.
It must be noted that surgical experience with stimulation of the AST is limited. However, its anatomical and physiological characteristics are well understood. By convention, the AST is defined as the precommissural dorsal caudate, precommissural dorsal putamen, and postcommissural caudate. 76 This area has a large input from the DLPFC (Brodmann areas 9 and 46) 41 and projects back to the dopaminergic midbrain, where it contributes to the regulation of dopamine release into the sensorimotor striatum. 40 Electrophysiologically, the striatum is characterized by phasically active units, although tonically active neurons are also observed, with functions likely distinct from phasically active, burst-type neurons. 37 There are reports of DBS of the dorsal striatum for the treatment of tinnitus, suggesting that stimulation of this area may carry no more risk than what is standard to DBS in the basal ganglia. 15, 64 
open-loop versus closed-loop stimulation
The availability of new DBS generators has made it possible to consider whether responsive neurostimulation could be beneficial in schizophrenia. 97, 112 While "openloop" stimulation is able to treat underlying neurocircuitry pathology in a continuous manner, responsive stimulation has the theoretical advantage of being able to tune neurostimulation parameters to reflect the waxing and waning nature of psychotic symptoms. Schematically, such a "closed-loop" system would involve three parts: an assessment of the current state of the system (i.e., how much it has deviated from homeostasis), a control signal containing both this information and a plan for correcting it, and an effector mechanism.
18 While some neuroimaging markers do reflect the severity of delusions and/or hallucinations, the ideal control signal would have high temporal resolution and be easily detected. An electrophysiological signal (such as high gamma power in the auditory cortex, possibly reflecting hallucinations) would be ideal in this regard. We await the availability of biomarkers that track psychosis with the needed temporal resolution, because such a device could have highly specific therapeutic benefits.
testing the hypothesis ethical considerations
A number of concerns arise when considering the investigation of DBS for patients with schizophrenia, chief of which are patient selection, delivery of informed consent, and clinical trial design. In fact, the ethical issues arising from the general consideration of DBS for psychiatric disease fall into the domain of neuroethics, a subset of bioethics concerned with neuroscientific research.
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Here, we will address the major issues as listed above.
The selection of patients for the trial must first fall into a well-established definition of treatment-resistant schizophrenia. Stemming from the work of Kane and colleagues, this definition includes multiple failed trials of medication (the most essential of which is clozapine, which shows some efficacy in patients with schizophrenia who do not respond to other antipsychotics 79 ), no episodes of good functioning in ≥ 5 years, and failure to meet specific score thresholds on multiple neuropsychiatric indices. 52 Beyond the appropriate designation of treatment resistance, patient selection must take into account the protection of the patient. Patients must understand the purpose and steps of the trial and be able to make consistent decisions of their own volition at all points of the trial, consistent with the basic ethical principles of autonomy and justice.
32 Importantly, this is a particularly vulnerable patient population both emotionally and cognitively. Therefore, ensuring comprehension at each step is crucial, especially during the process of informed consent. Fig. 1 . The AST is a key node in the pathophysiology of schizophrenia. The AST consists of the precommissural dorsal caudate (PreDCA), precommissural dorsal putamen (PreDPU), and postcommissural caudate. Here, the inset shows the AST at the level of the PreDCA, PreDPU, and VS. The AST features extensive reciprocal connections with higher cortical areas involved in cognition, such as dorsolateral prefrontal cortex (dlPFC) and medial prefrontal cortex/orbitofrontal cortex (OFC). As shown, the AST also has important interconnections with midbrain dopaminergic regions, such as the VTA and substantia nigra (SN, shown here containing the substantia nigra pars compacta [SNc] ). These midbrain regions are believed to modulate tonic-phasic dopaminergic transmission. Dysfunction of this mechanism is proposed to ultimately lead to aberrant signaling of stimulus salience in cortical control areas, manifesting as the positive symptoms of schizophrenia. The AST, serving as a connecting node between the midbrain and higher cortical areas, is thus uniquely situated as a target for DBS for schizophrenia. In this patient population, informed consent can be challenging. However, existing literature suggests that it is possible to obtain. Cognitive deficits may lead to the inability to understand certain aspects of the process, but one study suggests that careful education ameliorated this deficit to a level consistent with that of healthy controls.
12
The use of quizzes to ensure incremental understanding has also been suggested. 32 Moreover, the presence of a family member or loved one can help in ensuring full comprehension. Given the social isolation that accompanies schizophrenia, this may be difficult, but must be considered. In regards to the nature of the information provided in the consent, it is important to temper expectations and frankly discuss the experimental nature of the trial. Because it would be a test of efficacy, it is necessary to explain the possibility that the procedure may fail and, in fact, may even exacerbate psychosis. There is some precedent for this in VS DBS for OCD, which has been associated with hypomania. 14, 35 Cognitive impairment is another possible risk, given the key role of the AST in modulating information flow between the frontal lobes and thalamus. Extensive neuropsychological and psychiatric testing will be required after implantation to evaluate these possibilities.
Notably, the risks of DBS are real, but it is considered a relatively safe brain surgery. The major risks are hemorrhage 8 and infection. Hemorrhage rates have been estimated at approximately 1%-3% per lead implant, 8, 9, 125 and most hemorrhages are not associated with permanent neurological deficits. 98 Infection rates between 1% and 9% are reported, 30,107 which do frequently require explant of the device. These considerations must be discussed with the patient prior to surgery. Finally, it must be told to the patient that explant is a possibility, regardless of infection; should the patient dislike the device for any reason, the principle of autonomy still applies, and the patient is within his or her rights to have it removed. It is reasonable to discuss this option up front in the discussion of foreseeable risks of surgery.
Important ethical considerations have to be made when designing a clinical trial of this sort. DBS is intrinsically suited to trial design, because it can be turned on or off, but this nuance presents the concurrent ethical concern of withholding treatment in control group patients.
32 Accordingly, the informed consent process should take care to ensure that the details of not just the surgery, but also of the clinical trial formulation, including potential time with the stimulator on or off, are outlined.
conclusions
DBS for most psychiatric disease remains investigational, but early studies are promising. Schizophrenia is an especially devastating disease, and major inroads have been made into understanding its pathophysiology. Converging lines of evidence suggest that dopaminergic and glutamatergic dysfunction within the striatum may lead to symptoms. Several regions in this circuitry, including the hippocampus, VS, and AST, are promising targets for neuromodulation. 
